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Clay minerals are natural fine-grained particles, ubiquitous in terrestrial weathering 30 environments, that strongly influence the permeability, mechanics, and pore water chemistry of 31 soils, sediments, and rocks in which they are found 1,2 . In particular, these minerals control the 32 performance of natural and engineered clay barriers used in the isolation of landfills and 33 contaminated sites and proposed for use in the geological storage of high-level radioactive waste 34 3, 4 . A widely examined feature of clay minerals that influences the performance of these barriers 35 3 is their cation-exchange capacity, the result of isomorphic substitutions in the structure 5 . In 36 addition to this cation-exchange capacity, clay minerals, including montmorillonite (the most 37 studied swelling clay mineral) carry oxide-type functional groups on their edge surfaces. These 38 oxide-type functional groups, though present in much smaller quantity than the cation exchange 39 sites, dominate the adsorption of trace metals, oxyanions, and organic molecules 6-9 , the 40 dissolution and growth kinetics of clay minerals 10, 11 , and the colloidal mechanics of clay 41 particles 12 , at least in some conditions. 42
In the case of simple oxide minerals, surface reactivity is strongly influenced by their net proton 43 surface charge, which varies with pH through reactions of the following type, where >SOH n is a 44 generic surface site 13 : 45
> SOH ⇄ > SOH ିଵ + H ା
(1)
The reaction described by Eq. (1) gives rise to a variable net proton surface charge density (σ H ) 46 that depends on pH and ionic strength (I, dimensionless 14 ). In the case of simple oxide minerals, 47 the last few decades have seen steady advances in the characterization of their proton surface 48 chemistry through a combination of experiments (in particular, acid-base titration and 49 electrophoretic mobility measurements), surface complexation model (SCM) calculations, and 50 bond-valence theory predictions of the intrinsic acidity constants of surface functional groups 15- 51 19 . In the case of the oxide-type functional groups on the montmorillonite edge surfaces, however, 52 σ H remains poorly understood, as shown by the wide range of reported values of the point of zero 53 net proton charge (p.z.n.p.c., the pH value where σ H = 0) and by the variety of models that have 54 been used to describe σ H 9,20 . As described below, the difficulty in characterizing σ H on 55 montmorillonite relates to the high permanent structural charge of the solid (σ 0 ≈ -1 mmol c ⋅g -1 ) 56 4 and to the presence of two different surfaces (edge and basal surfaces) with very different 57
properties. These properties have no equivalent in simple oxide minerals, but are widespread 58 features of lamellar structures including vernadite, a phyllomanganate that controls the fate of 59 trace metals in certain oxidized soils and sediments 21, 22 , green rust, a layered double hydroxide 60 that influences the mobility of iron and anions in reduced soils 23 , and synthetic phases widely 61 used in materials chemistry, such as synthetic layered double hydroxides 24 . 62
The challenges associated with characterizing the proton surface reactivity of montmorillonite 63
were summarized a decade ago by Bourg et al. 20 . A first challenge is that montmorillonite 64 particles undergo significant dissolution during acid-base titration measurements. This can be 65 rendered near-negligible in the pH range from about 4.5 to 9.5 through a careful choice of clay 66 pretreatment, storage, and titration procedures [25] [26] [27] [28] [29] (see below) . Unfortunately, most 67 montmorillonite acid-base titration datasets do not fit the best practices established by Duc et al. 68 [25] [26] [27] [28] . A second challenge is that acid-base titration measurements do not directly measure the net 69 proton surface charge density σ H but rather δσ H , the change in net proton surface charge density 70 relative to its initial value σ H,init ( Bourg et al. 20 showed that the first three challenges outlined above could be resolved using 109 information available a decade ago. The second challenge was resolved by using an SCM to 110 predict both σ H,init (from reported conditions of clay pre-treatment) and σ H . The first challenge 111 required identifying experimental datasets that followed that best practices established by Duc et 112 al. [26] [27] [28] ]. Unfortunately, EGME-derived a s values show a significant dependence on 174 experimental conditions 68 that precludes a precise calculation of a s,edge . 175
Direct measurements of a s,edge for montmorillonite have been achieved using two approaches. 176
The first consists in evaluating edge specific surface area by statistical analysis of particle 177 morphology from atomic force microscopy (AFM) or transmission electron microscopy (TEM) 178 images [71] [72] [73] . Alternatively, the derivative isotherms summation (DIS) method distinguishes 179 different clay surfaces in a single gas adsorption measurement based on differences in adsorption 180 energy 68 . Comparison of microscopic imaging and DIS results yields satisfactory agreement 181 (Table S- 
where Q edge (C⋅m -2 ) is the charge at the edge and A 1 (unitless), A 2 (m A potential limitation to the accuracy of the PBE is that it uses the mean-field theory 208 approximation, i.e., it neglects specific ion-ion and ion-surface site interactions. On infinite flat 209 13 surfaces, the PBE is nevertheless known to adequately predict the structure of the electrical 210 double layer except at high salinities or in the presence of multivalent counterions 37, 95, 96 . In the 211 case of montmorillonite, an opportunity to verify the validity of Eq. (4) substitutions is straightforward and that future implementation of metal adsorption through the 295 formation of multi-dentate surface complexes is made easier with regards to the calculation of 296 surface site activities 9, 108 . Simple cases were used to verify that the grouping of surface sites had 297 little effect on model predictions ( quantified by using the PHREEQC script files provided in the supporting information). The 366 modeled edge specific surface area was larger than the measured value (Table S-1, from 6 to 9 367 m 2 ⋅g -1 , depending on the considered study). However, the values reported in Table S-1 were 
